The immune system functions to protect an organism against microbial infections and may be involved in the reparative response to nerve injury. The goal of this study was to determine whether the immune system plays a role in regulating motoneuron survival after a peripheral nerve injury. After a right facial nerve axotomy, facial motoneuron (FMN) survival in C.B-17 (ϩ/ϩ) wild-type mice was found to be 87 Ϯ 3.0% of the unaxotomized left side control. In contrast, facial nerve axotomy in C.B-17 (Ϫ/Ϫ) severe combined immunodeficient (scid) mice, lacking functional T and B lymphocytes, resulted in an average FMN survival of 55 Ϯ 3.5% relative to the unaxotomized left side control. This represented an ϳ40% decrease in FMN survival compared with wild-type controls. The reconstitution of scid mice with wild-type splenocytes containing T and B lymphocytes restored FMN survival in these mice to the level of the wild-type controls. These results suggest that immune cells associated with acquired immunity play a role in regulating motoneuron survival after a peripheral nerve injury.
Over the last several years, an increasing amount of research has established that an interaction exists between the immune system and the nervous system (Besedovsky and del Rey, 1996) . The search for evidence to support such an interaction has led to the discovery that the C NS is not as "immune privileged" as was once thought (Hickey et al., 1991; Knopf et al., 1995) . Historically, the concept of the C NS as an immune privileged site stemmed from the characterization of a blood-brain barrier (BBB) made up of endothelial cells that restricted the passage of both large molecular weight soluble factors and cells into the C NS (Shrinkant and Benveniste, 1996) . However, recent evidence has shown that activated T and B lymphocytes are able to cross the BBB (Hickey et al., 1991; Knopf et al., 1998) and that neuronal and glial cells residing in the C NS express receptors for cytokines secreted by these activated T cells (Rothwell et al., 1996) .
Although it is well known that motoneurons in the adult peripheral nervous system generally survive and regenerate after a nerve injury (Lieberman, 1971) , it is unclear which soluble factors and /or cell types mediate the ability of motoneurons to withstand injury. Recently, researchers have focused on the possibility that cells within the peripheral immune system may be involved in determining the survival and /or death of neurons after an injury. In adult mice, it has been well established that most facial motoneurons (FM Ns) will survive facial nerve transection at the stylomastoid foramen (Torvik and Skorten, 1971; Sendtner et al., 1996; Ferri et al., 1997) . If the peripheral immune system plays a role in motoneuron survival after a peripheral nerve injury, then mice lacking a functional peripheral immune system should show alterations in motoneuron survival after injury. Therefore, the present study was designed to test motoneuron survival in mice lacking cells associated with acquired immunity, specifically T and B lymphocytes.
Severe combined immunodeficient (scid) mice contain a spontaneously arising autosomal recessive mutation that is located on chromosome 16 (Bosma, 1989) . These mutants lack a functional DNA repair mechanism essential for variable diversity-joining (VDJ) gene segment recombination, an immune mechanism that allows for the expression of a functional receptor for antigen on the T and B cell surface (Roth and Craig, 1998) . Without this recombination event, mature T and B cells do not develop to populate lymphoid organs (Bosma and Carroll, 1991) .
Given the plethora of data suggesting that the immune system influences the activity of the nervous system (Besedovsky and del Rey, 1996) and vice versa (Madden et al., 1995) , we used the well established facial nerve axotomy and scid mouse models to determine whether T and B lymphocytes play a role in regulating FMN survival after injury to the facial nerve. Our results indicate that mice lacking T and B cells show reduced FMN survival by ϳ40% compared with the wild-type controls and that reconstituting scid mice with splenocytes from wild-type mice restores FMN survival to that of wild-type controls.
MATERIALS AND METHODS
Animals. Seven-week-old female C.B-17 (ϩ/ϩ) wild-type and C.B-17 (Ϫ/Ϫ) scid mice were obtained from Taconic (Germantown, N Y). All mice were provided autoclaved pellets and water ad libitum. Scid mice received tetracycline HC l (2 mg /ml; Pfizer, New York, N Y) in their drinking water 3 d / week. Mice were permitted 1 week to acclimate to their environment before being manipulated and used at 8 weeks of age in all experiments. Scid mice were housed under a 12 hr light /dark cycle in microisolater cages contained within a laminar flow system to maintain a pathogen-free environment. All experimental manipulations were performed ϳ4 hr into the light cycle under aseptic conditions. All surgical procedures were completed in accordance with National Institutes of Health guidelines on the care and use of laboratory animals for research purposes.
Surg ical procedures. Mice were anesthetized with 3% halothane for all surgical procedures. Using aseptic techniques, the right facial nerve of each animal was exposed at its exit from the stylomastoid foramen (Jones and LaVelle, 1985) . The left facial nerve was exposed, but not transected, and served as a sham-operated internal control.
Cell-counting procedure. Four weeks after facial nerve transection, the brains were removed and rapidly frozen. T wenty-five micrometer cryostat sections were collected throughout the rostral -caudal extent of the facial motor nucleus. To determine the relative number of surviving facial motoneurons after a facial nerve axotomy, cell profile counts were performed. The sections were fixed in 4% paraformaldehyde and stained with thionin. The abducens nuclei and internal genu of the facial nerves were used to precisely match the location of the left (control) and right (transected) sides. Surviving FMNs containing a nucleus were counted, and the percentage change between the left and right sides was calculated and compared between groups. The Abercrombie correction factor (N ϭ n ϫ T/T ϩ D), where N is the actual number of cells, n is the number of nuclear profiles, T is the section thickness (25 m), and D is the average diameter of nuclei (5 m) (Coggeshall, 1992) , was used to compensate for double counting in adjacent sections. Statistical analysis was accomplished using a one-way ANOVA.
Transfer of spleen cells into scid mice. Spleens were removed aseptically from C.B-17 (ϩ/ϩ) wild-type mice and placed in HBSS and 5% fetal calf serum (FC S) (Summit Biotechnology, Ft. Collins, C O). The spleens were teased apart, and the splenic capsule was removed. Debris was allowed to settle from the suspension of cells for 5 min at room temperature before the cells were centrif uged at 280 ϫ g for 8 min at 4°C. Red blood cells were lysed with ammonium chloride (0.8%) for 4 min at 37°C, and the remaining cells were washed in cRPM I [RPM I 1640 medium (Life Technologies, Grand Island, N Y) containing 10% FC S (Summit Biotechnology), 20 mM H EPES, 100 U/ml penicillin, 100 g /ml streptomycin, 2 mM glutamate, and 50 M 2-mercaptoethanol]. The cell pellet was placed over Lympholyte M (Accurate, Westbury, N Y) and centrif uged at 1510 ϫ g for 20 min at 4°C. The interface of cells was collected using a cRPM I-coated pipette, and cells were washed twice in cRPM I and centrif uged at 280 ϫ g for8 min at 4°C. Splenocytes were resuspended in HBSS to 1 ϫ 10 8 cells/ml, and 0.4 ml was injected intravenously into the lateral tail vein of lightly anesthetized scid mice. Wildtype control mice were injected intravenously with 0.4 ml of HBSS into the lateral tail vein.
Histolog y. Spleens were fixed in 10% formalin, embedded in paraffin, sectioned by microtome at 8 m, and mounted on slides. Sections were rehydrated by a serial alcohol series and then stained with hematoxylin and eosin.
RESULTS

Scid mice show decreased FMN survival
A right facial nerve transection was performed on C.B-17 (ϩ/ϩ) wild-type and C.B-17 (Ϫ/Ϫ) scid mice to determine whether mice compromised for acquired immunity, i.e., mice lacking functional T and B lymphocytes, would differ in FM N survival after a right facial nerve transection. C.B-17 (ϩ/ϩ) wild-type mice after a facial nerve transection show FM N survival of 87 Ϯ 3.0%, relative to that of the unaxotomized left side control (Figs. 1 A,B, 2A) .
In contrast, scid mice had an FMN survival of 55 Ϯ 3.5%, relative to the unaxotomized left side control. This represented an ϳ40% decrease in survival in scid mice when compared with the wildtype controls (Figs. 1C,D, 2A ).
Transfer of mature T and B lymphocytes restores FMN survival
If the immune system plays a role in regulating FMN survival, then restoring a functional immune system to scid mice should restore FMN survival after a right facial nerve axotomy. To test this proposal, we needed to establish a model system in which T and B lymphocytes restored immunocompetency to the scid mice. First, in comparison with a wild-type control (Fig. 2 B) , we showed that wild-type splenocytes injected into the scid mice migrated to, and segregated within, their respective compartments of the spleen and lymph node (LN) (Fig. 2 D) . No follicles or T and B lymphocytes were found within the spleen or LN of nonreconstituted scid mice (Fig. 2C) . Reconstituted lymph nodes contained three defined areas including the medulla, the paracortex with T cells, and the cortex populated with B lymphocytes (data not shown). Because these mice appeared to reconstitute successfully, a facial nerve transection was performed in reconstituted scid mice to compare FMN survival with findings from wild-type controls and nonreconstituted scid mice. The transfer of splenocytes containing functional T and B lymphocytes into scid mice restored FMN survival to 86 Ϯ 3.0% of the unaxotomized left control after a right facial nerve transection (Figs. 1 E,F, 2A) , a level of survival equivalent to that of wild-type controls. Thus, these results suggest that T and B cells play a role in regulating FMN survival after a facial nerve transection.
DISCUSSION
The CNS has long been considered an immune-privileged site (Shrinkant and Benveniste, 1996) . However, the presence of cells and high molecular weight soluble factors within the CNS that are normally associated with the peripheral immune system, e.g., T lymphocytes and cytokines (Hickey et al., 1991; Rothwell et al., 1996) , has led to the hypothesis that the peripheral immune system may play a role in regulating motoneuron survival after a peripheral nerve injury. This proposal was addressed in the present study by performing a right facial nerve transection on C.B-17 (ϩ/ϩ) wild-type mice, C.B-17 (Ϫ/Ϫ) scid mice lacking functional T and B lymphocytes, and scid mice reconstituted with functional T and B lymphocytes. We observed a significant decrease in FMN survival in scid mice after a right facial nerve transection compared with wild-type controls. In contrast, reconstituting scid mice with immunocompetent T and B cells before a facial nerve transection restored FMN survival to the level of wild-type mice. These data suggest that T and/or B cells play a positive role in regulating FMN survival after an injury to the facial nerve.
The results of the present study suggest three possible hypotheses. First, T and B lymphocytes may directly affect FMN survival via an immune cell-nerve cell interaction. This interaction may result in FMN survival via a mechanism that involves an immune cell-derived contact-or soluble-mediated factor. Evidence that lends support for this hypothesis comes from recent data indicating that activated T and B cells cross the BBB and aggregate around FMNs after a facial nerve transection (Knopf et al., 1998; Raivich et al., 1998) . In addition, another finding that lends support for this hypothesis is that neurons express receptors for cytokines secreted by activated T cells (Rothwell et al., 1996) . Thus, it has been shown that the machinery necessary for these interactions to occur is present within the facial motor nucleus, and their effects on FM N survival remain to be tested.
Second, soluble factors released from T and /or B cells may indirectly affect FM N survival by influencing the activity of other cells that reside constitutively in the scid mouse, such as microglia and macrophages. T cells may interact with microglia or macrophages to become activated to release cytokines that further activate bystander microglia or macrophages. Interferon-␥ (IFN-␥), a cytokine released by activated T cells, is known to increase the activity of macrophages and microglia (Steeg et al., 1982; Meda et al., 1995) . Also, after a facial nerve transection, mRNAs for specific cytokines, i.e., mRNA for interleukin-1␤ (IL-1␤), tumor necrosis factor-␣, IL-6, and IFN-␥, are centrally upregulated in a yet to be determined cell type (Raivich et al., 1998; Streit et al., 1998) . Alternatively, T cell-derived cytokines may act peripherally to affect FMN survival. Evidence to support this comes from recent data indicating that IL-1␤ can activate vagal afferents and mediate immune system to CNS communication (Goehler et al., 1997) . Another possibility is that T and/or B cells may activate Schwann cells, which are a known source of nerve growth factor after peripheral nerve injury (Lindholm et al., Third, the scid mutation is an autosomal recessive mutation that leads to the loss of a f unctional DNA repair mechanism in all cells (Fulop and Phillips, 1990) . Therefore, although this mutation results in a loss of V DJ recombination mechanisms necessary for the production of mature T and B cells, it may also result in a loss of DNA repair mechanisms critical to FMN survival. This is unlikely, however, given our findings that FMN survival in reconstituted scid mice is restored to the level of wild-type mice. To confirm this finding, further experiments will be done using mice in which the recombinase-activating gene-2 (RAG-2) has been disrupted in T and B lymphocytes only (Shinkai et al., 1992) . Use Figure 2 . A, Average percent survival Ϯ SEM of FM N from the right (transected) side of C.B-17 (ϩ/ϩ) (wild-type, n ϭ 7), nonreconstituted C.B-17 (scid, n ϭ 7), and reconstituted C.B-17 (Ϫ/Ϫ) (scid, n ϭ 6) mice, relative to the unoperated control side. *Significant difference at p Ͻ 0.5. B, Follicle from a C.B-17 (ϩ/ϩ) (wild-type) mouse containing a central artery, a periarterial lymphatic sheath, a marginal zone, and a marginal sinus. C, Representative spleen section from a C.B-17 (Ϫ/Ϫ) (scid) mouse containing no follicles. D, Follicle from a C.B-17 (Ϫ/Ϫ) (scid) mouse after reconstitution with splenocytes from wild-type mice.
of RAG-2 knock-out mice will assure that the loss of gene function will affect only the production of mature T and B lymphocytes that populate lymphoid organs and will not affect motoneuron survival mechanisms that require DNA repair. In this manner, we will be able to rule out the scid mutation itself as a factor in FM N survival.
In summary, the data presented in the present study indicate that the immune system plays a critical role in neuronal survival after injury. Which immune cell types, soluble factors, and/or cell-cell interactions mediate the immune influences on the injured brain remain to be determined.
